Abstract: Historically, the Defense Meteorological Satellite Program's Operational Linescan System (DMSP-OLS) was the unique satellite sensor used to collect the nighttime light, which is an efficient means to map the global economic activities. Since it was launched in October 2011, the Visible Infrared Imaging Radiometer Suite (VIIRS) sensor on the Suomi National Polar-orbiting Partnership (NPP) Satellite has become a new satellite used to monitor nighttime light. This study performed the first evaluation on the NPP-VIIRS nighttime light imagery in modeling economy, analyzing 31 provincial regions and 393 county regions in China. For each region, the total nighttime light (TNL) and gross regional product (GRP) around the year of 2010 were derived, and a linear regression model was applied on the data. Through the regression, the TNL from NPP-VIIRS were found to exhibit R 2 values of 0.8699 and 0.8544 with the provincial GRP and county GRP, respectively, which are significantly stronger than the relationship between the TNL from DMSP-OLS (F16 and F18 satellites) and GRP. Using the regression models, the GRP was predicted from the TNL for each region, and we found that the NPP-VIIRS data is more predictable for the GRP than those of the DMSP-OLS data. This study demonstrates that the recently released NPP-VIIRS nighttime light imagery has a stronger capacity in modeling regional economy than those of the DMSP-OLS data. These findings provide a foundation
Introduction
Regional and global economic data is important to understanding the developing world, and performing an economic census plays a major role in collecting such data. However, the economic census data is sometimes difficult to acquire at both the regional and global scales. In addition, the economic census data is always coarse in the spatial dimension, because the data in the basic administrative regions is inaccessible in many countries. Therefore, surveying the world economy in spatial dimensions using technical approaches as alternatives to the traditional economic census is an important and challenging task for the academic community [1, 2] .
Compared to the high cost of performing a traditional economic census, a remote sensing technique provides an efficient approach to survey the economy. A typical example is using remotely sensed optical imagery for mapping the urban land use distribution, which is an important indicator of the economic status of a country [3] [4] [5] . In addition, remote sensing can also be used to investigate agriculture [6, 7] , fishery [8, 9] and forestry [10] , which are important components of a country's economy. Among the various sources of remote sensing data, nighttime light imagery has played a direct and unique role in investigating economic activities, because the artificial nighttime light can reflect the use of public lighting and commercial lighting, which are strongly associated with the state of the economy. A number of studies have indicated that the nighttime light has a very high correlation with the national and regional economic volume [11, 12] . Compared to the census approach, the mapping of nighttime light can help to investigate the economics on a large scale with very low cost; thus, the nighttime light imagery has been used to investigate the regional economics in many countries [13] [14] [15] [16] [17] .
Traditionally, the nighttime light data is acquired by the Defense Meteorological Satellite Program's Operational Linescan System (DMSP-OLS) sensors, which is owned by the U.S. Air Force and archived by National Oceanic and Atmospheric Administration (NOAA) of the United States. The first DMSP satellite was launched in 1972, and the digital format of the imagery has been recorded since the year of 1992. From 1992 to the present, there were a series of DMSP satellites (e.g., F10-F18) imaging nighttime light. A DMSP-OLS sensor can acquire images every day, but the daily acquired imagery is usually improper for further analysis, because such image signal strength reduces due to sensor noise, atmospheric effects and moonlight variation. Thus individual DMSP-OLS images taken over a year should be combined together to produce a global annual stable light product, namely the average visible, stable lights and cloud-free composite, which has been produced by the Earth Observation Group in the NOAA National Geophysical Data Center. The composites, at spatial a resolution of 30 arc second, have pixel values ranging between 0 and 63. All the DMSP-OLS composites are available at the website of NOAA (http://www.ngdc.noaa.gov/dmsp/downloadV4composites.html). Although some nighttime light imagery at higher spatial resolution have been evaluated in environmental and economic fields [18, 19] , the only practical nighttime light data on economic evaluation was DMSP-OLS data, due to its large coverage area and low price.
A new generation of nighttime light imagery emerged in 2012, the Visible Infrared Imaging Radiometer Suite (VIIRS) nighttime light imagery, acquired by the Suomi National Polar-orbiting Partnership (NPP) Satellite. Similar with the DMSP-OLS nighttime light data, the NPP-VIIRS was initially designed to monitor the atmosphere and environment, and its nighttime light imagery is a byproduct of the data under the cloud-free condition. A more detailed introduction on NPP-VIIRS is provided in the website of National Aeronautics and Space Administration (http://npp.gsfc.nasa.gov/ index.html). On January 3rd, 2013, National Oceanic and Atmosphere Administration (NOAA) released the first global nighttime light imagery derived from the NPP-VIIRS data at its website (http://www.ngdc.noaa.gov/dmsp/data/viirs_fire/viirs_html/viirs_ntl.html). The imagery was generated by using the VIIRS day/night band data acquired on nights with zero moonlight. The observed individual NPP-VIIRS images in 18-26 April 2012 and 11-23 October 2012 were used, and a cloud mask was introduced using the VIIRS M15 thermal band to produce the global nighttime light imagery.
Although DMSP-OLS nighttime light imagery has shown strong capacity in evaluating economic distribution over both global and regional scales, its weakness is obvious-no on-board radiometric calibration and limited radiometric detection capacity, which results in the over-saturation problem in urban centers [20] [21] [22] [23] . All these weaknesses may reduce the correlation between the detected nighttime light and the economic activities. Fortunately, the arrival of NPP-VIIRS, with its on-board radiometric calibration and wider radiometric detection range, can provide a more accurate nighttime light source for economic modeling. Therefore, the purpose of this study is to investigate the potential of NPP-VIIRS nighttime light imagery in modeling a regional economy, with a comparative analysis between the DMSP-OLS data and the NPP-VIIRS data.
Study Area and Data
To evaluate the potential of NPP-VIIRS nighttime light imagery in modeling a regional economy, we used China's provincial and county level administrative regions for analysis. In China, there are three major levels of administrative areas: province, prefecture and county. In this study, all the provincial regions, except Hong Kong, Macau and Taiwan, were selected, resulting in 31 provincial regions for analysis. At the county level, there are over 2000 counties in China, of which the administrative boundary is difficult to acquire one by one. Counties in five provinces, Anhui, Fujian, Guangdong, Jiangxi and Zhejiang were used, and as a result, there are 393 county level regions for analysis. More specifically, in this study, the county level regions include three types: municipality in a prefecture-level city, county and county level city. In fact, the municipality has a higher administrative rank than a county, but the economic data and boundaries of its districts are difficult to collect from public sources; thus, each municipality is treated as a statistical region along with the county level region. Figure 1 and Figure 2 illustrate the 31 provinces and 393 county level regions as maps, respectively, and Table 1 In this study, the DMSP-OLS data and NPP-VIIRS data were used. Because the NPP-VIIRS data is only available for the year 2012, we chose the DMSP-OLS data with an acquisition year close to 2012; the closest available DMSP-OLS data are the annual stable nighttime light composites in 2009 and 2010, which were acquired by the F16 and F18 satellites, respectively. The NPP-VIIRS imagery is a preliminary product, which contains lights from cities, towns, transportation corridors, gas flares, and biomass burning and background noise, and in some places has features associated with the reflectance of light off bright surfaces, such as snow covered mountains or bright playa lake beds. In addition, the confounding factors that are irrelevant to economic activities must be removed. We propose a simple and approximate process for removing the confounding factors, which uses a hypothesis that the lit areas in 2010 and 2012 are the same, and is based on the following process: generate a mask with all positive value pixels from the DMSP-OLS imagery in 2010 and multiply the NPP-VIIRS imagery by the mask to derive a denoised nighttime light imagery. The hypothesis is approximately correct because there should be a small number of pixels where the lit value increased from zero to positive. Nevertheless, the process is efficient and the data quality has been improved.
All the nighttime light imagery was reprojected to a Lambert azimuthal equal area projection with a spatial resolution at 500 m. The two types of nighttime light data are described in Table 2 . The nighttime light imagery of China in 2009, 2010 and 2012 are shown in Figures 3-5 , respectively. In addition, the nighttime light imagery in Guangzhou municipality was shown as a local case in Figure 6 .
The gross regional production (GRP) data for each county level region and provincial region is derived from China Statistical Yearbook for Regional Economy and Urban Statistical Yearbook of China [24, 25] . The Chinese currency unit of the GRP is Renminbi (RMB), also called Chinese Yuan. 
Methodology and Analysis

Linear Regression Model
To evaluate the capacity of nighttime light imagery in modeling the economy, we prepare the GRP data and nighttime light data for each administrative region and perform a regression analysis to quantify the relationship between the two types of data. The total nighttime light (TNL), defined as the sum of all pixel values in a region of an image [22] , is used as the nighttime light data to characterize an administrative region. Because the GRP data in 2012 is not available, the TNL data in 2012 was associated with the 2010 GRP data. A linear regression model without an intercept was used to describe the relationship between GRP and TNL as
where g denotes the GRP, t denotes the TNL and w represents the slope. At the provincial level, the GRP data and the TNL data were analyzed for the 31 provincial regions using the regression analysis. At the county level, the GRP data and the TNL data were analyzed for the 393 county level regions. To describe the regression analysis more clearly, the analysis data is listed in Table 3 . Table 3 . The total nighttime light (TNL) and gross regional product (GRP) for the regression analysis of data from different satellite sensors and acquisition year. 
Regression Results
Through the linear regression, the TNL-GRP relationship was analyzed, as shown in Figure At the county level, we found that the TNL-GRP relationship from the VIIRS data is stronger than those of the DMSP-OLS data. The R 2 values are 0.7678 and 0.6748 for the data from 2009 (DMSP-F16 satellite) and 2010 (DMSP-F16 satellite), respectively, which are lower than 0.8544, the R 2 value from the NPP-VIIRS data. Thus, NPP-VIIRS data is more strongly correlated with GRP than those of DMSP-OLS data from both the DMSP-F16 and DMSP-F18 satellites at the county level.
From the regression analysis, it is easy to determine that the NPP-VIIRS imagery has higher capacity in modeling the GRP. Here, we use the regression model to predict the GRP from nighttime light to evaluate the capacity of TNL in predicting GRP. For each region, a predicted GRP is calculated from the slope values and TNL using Equation (2) . Because the numbers of provincial regions and county regions are 31 and 393, respectively, of which the latter is too large to be shown in a table; thus, we only list the real GRP and predicted GRP of the provincial regions in Table 4 and list the county data in the Appendix. Next, a relative error was used to evaluate the capacity of TNL in predicting GRP as
where g denotes the real GRP and g' denotes the predicted GRP. The relative error values of all the provincial regions are listed in Table 4 . From Table 4 , we found that the predictability of different nighttime light sensors varies in different provincial regions. For example, the relative error of the predicted GRP in 2009 derived from DMSP-OLS data in 2009 in Liaoning Province and Heilongjiang Province are 5.3% and 168.4%, respectively, which are very different. In comparison, the counterparts of the predicted GRP in 2010 derived from the NPP-VIIRS data in 2012 are −1.7% and 40.4%, respectively, which are much closer.
To evaluate the predictability of different nighttime light data for the GRP comprehensively, we classified the absolute relative error into three levels: 0-25% as high accuracy, 25-50% as moderate accuracy and >50% as wrong. Next, we calculated the percent of each level for the different estimation approaches. For example, when estimating the GRP from the DMSP-OLS data in 2009 in the provincial regions, there are nine provincial regions with high accuracy among the 31 regions, and the fraction of provincial regions of high accuracy is 29.03%. Based on this criterion, the predictability for each type of nighttime light imagery was quantified with the three indices listed in Table 5 . In the provincial regions, the NPP-VIIRS data exhibits a high capacity in predicting the GRP, with a high accuracy percent of 54.84%, which is much higher than those of the DMSP-OLS data in 2009 and 2010, as indicated in the table. In addition, the fraction of the data providing wrong predictions from the NPP-VIIRS data (29.03%) is much lower than those of the DMSP-OLS data in 2009 (41.94%) and 2010 (38.71%) as Table 5 indicates. Therefore, the NPP-VIIRS data is more reliable for predicting the GRP data in China's provincial regions.
In the county regions, the fraction of high accuracy predictions from the NPP-VIIRS data is 34.10%, which is significantly higher than those of the DMSP data in 2009 and 2010, with values of 18.32% and 10.69%, respectively. The wrong percent index also demonstrates that the NPP-VIIRS data in more capable in accurately predicting the GRP than those of the DMSP data in 2009 and 2010, as indicated in Table 5 .
Thus, we can conclude that the NPP-VIIRS data is more reliable for predicting the economic data than those of the DMSP-OLS data, and the NPP-VIIRS data is more robust in different spatial scales than those of the DMSP-OLS data. In addition, it is interesting to find a general underestimation in more developed regions (e.g., Beijing, Shanghai) and overestimation in less developed areas (e.g., Ningxia, Xinjinag, and Tibet). To explore this pattern in the NPP-VIIRS data, we performed a correlation analysis between the GRP Per Capita in 2010 and the relative error for the 31 provincial level regions, and found that the correlation coefficient is equal to −0.3849 under a significance level of 0.05, which indicates that the relative error has significant negative correlation with the GRP Per Capita.
Regression Analysis in the County Level Regions by Discarding Two Outliers
There are two obvious outliers in the regression analysis of the county regions in the above section (Figure 7 ), Guangzhou and Shenzhen, which are two major economic centers in Southern China. A possible reason for these outliers is that more GRP can be generated in these regions per unit NTL. Here, we discarded the two outliers and performed the regression analysis, which left 391 county regions for the regression analysis. The results of the regression analysis and its predictability analysis are shown in Figure 8 and Table 6 , respectively. From Figure (Figure 7 ). In particular, the NPP-VIIRS data are perfectly correlated with the GRP data, with an R 2 of 0.9431. In addition, removing the outliers also greatly improved the predictability of all the nighttime light data, as indicated in Table 6 -the high accuracy percentage increases and the wrongly predicted percentage decreases, as listed in Tables 5 and 6 . These findings demonstrate that ability of the DMSP-OLS and NPP-VIIRS data to model the GRP can be greatly improved in county regions by discarding only very a few outliers. Furthermore, the NPP-VIIRS data is still more predictable in reflecting the GRP than those of the DMSP-OLS data under this condition.
Potential Factors behind the Results
From the experiments, the NPP-VIIRS nighttime light imagery exhibits a stronger ability than the DMSP-OLS nighttime light imagery to model and predict the gross regional product (GRP) in China. Due to absence of the GRP data in 2012, we made use of the 2012 NPP-VIIRS nighttime light imagery to model the GRP in 2010. Although there is a two-year gap between the NPP-VIIRS data and the GRP data, the NPP-VIIRS data exhibited good performance in modeling the GRP data. Naturally, we can infer that when using the NPP-VIIRS data to model the GRP data in the same year, the relationship should be stronger. Moreover, the NPP-VIIRS imagery we used is a primary product made by NOAA, who did not remove the background noise and some temporary lit sources, e.g., forest fires. To deal with this problem, we used a mask derived from the DMSP-OLS data in 2010 to only include the stable artificial lit sources to make the NPP-VIIRS data more efficient. Because the DMSP-OLS composites are generated from many individual images from one year with a series of advanced processing steps, such as denoising, while the NPP-VIIRS is only generated from several images without denoising, the two types of data cannot be directly compared. Nevertheless, the NPP-VIRRS data provided the best results, and there is significant room for improvement in the NPP-VIIRS data quality and NOAA is working to improve the data.
There are three potential factors that should make NPP-VIIRS imagery more efficient than the DMSP-OLS imagery in modeling the economy. First, the DMSP-OLS imagery has a serious problem of over-saturation in city centers because of the limitation of the radiometric detection ability [26] . To support this point of view, we calculated the ratio of the over-saturation area to the lit area for each provincial region from the DMSP-OLS data in 2010, and three regions, Beijing, Shanghai and Tianjin, were found to be in top three, with the ratio values of 13.82%, 13.41% and 4.93%, respectively. Because these three regions are highly over-saturated lit regions, the regression model significantly underestimated the GRP of the regions of Beijing, Shanghai and Tianjin, with relative errors of −54.6%, −67.9% and −35.6%, respectively, while the relative errors from the NPP-VIIRS estimation for Beijing, Shanghai and Tianjin were −40.6%, −17.9% and −5.0%, respectively (Table 4) . Therefore, the GRP estimation can be improved significantly in the over-saturated regions when using the NPP-VIIRS data instead of the DMSP-OLS data. Second, while DMSP-OLS performs measurements around dusk or dawn, NPP-VIIRS performs measurements around midnight. Because human activities are often affected by time, the timing differences could have a big impact on sensors' capability to capture economic activities. Third, the onboard calibration on NPP-VIIRS, which is absent on DMSP-OLS, can also have a huge impact on data quality. The mechanism of the above three factors are primarily inferred, and more rigorous investigations should be taken to clarify them.
Discussion
Although there were several remotely sensed nighttime light sources of data [11, 18, 19] , the only global source for economic modeling was the DMSP-OLS data, which is useful in mapping the spatial distribution of the economy. Nevertheless, the DMSP-OLS has severe limits in spatial resolution and radiometric detection range [22] , which hinder accurate economic modeling. The optimal manner to observe the global nighttime light is by using the Nightsat Mission concept [27] , which aims to develop a specific remote sensing satellite to comprehensively record the light at fine spatial, temporal, spectral and radiometric resolution. However, due to the high cost and technical requirements, the Nightsat Mission is only in the blueprint stage. Under this background, the NPP-VIIRS nighttime light imagery, a byproduct of the recently launched Suomi NPP satellite, is currently making great progress in acting as a bridge to the Nightsat mission from the DMSP satellites.
Historically, modeling China's regional economy using nighttime light imagery mainly takes prefecture and provincial level regions as material for analysis [13, 17] , and it is the first time to make the analysis in China's county level regions which is more valuable than those of the provincial and prefectural regions since the these regions are basic statistical units in China and their statistical data are more likely to have error. Like the previous work of modeling regional economy [13, 14] , the nighttime light data cannot model the regional economy as the unique source because the regression model should be set up with samples from economic data in the same country or region. Therefore, prior knowledge is needed when using the nighttime light in modeling regional economy.
Since the product of the global NPP-VIIRS nighttime light imagery was released by NOAA in 2013, there has been no published work related to the NPP-VIIRS nighttime light imagery, and this study is the first evaluation of NPP-VIIRS nighttime light imagery which proves the its stronger capacity in modeling regional economy than the DMSP-OLS nighttime light imagery.
Conclusion
The Visible Infrared Imaging Radiometer Suite (VIIRS) sensor on the Suomi National Polar-orbiting Partnership (NPP) Satellite is a new generation sensor to record nighttime light, while this task was only assigned to the Defense Meteorological Satellite Program's Operational Linescan System (DMSP-OLS) before 2011. As economic modeling is the a work that nighttime light imagery can efficiently deal with, this study made a first evaluation of the NPP-VIIRS nighttime light imagery by modeling China's regional economy in 31 provincial units and 393 county units.
Through regression analysis, the NPP-VIIRS data was found to exhibit a stronger capacity in modeling the regional economy compared with the nighttime light data acquired from the DMSP/F16 and DMSP/F18 satellites. Quantitatively, the total nighttime light (TNL) from NPP-VIIRS were found to exhibit R 2 values of 0.8699 and 0.8544 with the provincial GRP and county GRP, respectively, which are significantly stronger than the relationship (R 2 at 0.6923 and 0.7678 for F16 satellite and R 2 at 0.7056 and 0.6748 for F18 satellite) between the TNL from DMSP-OLS and GRP. And it is interesting find the TNL-GRP relationship can be significantly improved by discarding only two outliers in the regression analysis of the county level regions, making the R 2 values from 0.7678, 0.6748 and 0.8544 to 0.8513, 0.8011 and 0.9431 for DMSP-OLS/F16, DMSP-OLS/F18 and NPP-VIIRS, respectively. With this improvement, TNL from the NPP-VIIRS imagery can be used to predict the GRP in county level regions with 42.97% of them in high accuracy, while the rates of the DMSP-OLS/ F16 and DMSP-OLS/ F18 are 36.06% and 19.18%, respectively. All these results demonstrate that the NPP-VIIRS data is more powerful than the DMSP-OLS data in modeling regional economy. The good performance of the NPP-VIIRS data revealed by our analysis provides a quantitative foundation to use such imagery as data source for taking the economic census in the countries with low-quality statistical systems and countries where economic data is blocked to the outside. Consequently, such economic census data can help international community to provide humanitarian aid to the regions under economic crisis and humanitarian disasters.
Since NPP-VIIRS imagery is a recently emerging data source, all the released data is one scene of images acquired in 2012, which is insufficient to make a comprehensive evaluation. As the National Oceanic and Atmospheric Administration (NOAA) is working to produce more and higher quality NPP-VIIRS nighttime light imagery, future study can be taken on multi-temporal analysis of the imagery in many fields such as land cover mapping, change detection, energy consumption evaluation and fishing boats detection. Besides, more advanced technique should be developed to analyze this kind of imagery because of its higher spatial resolution than the traditional DMSP-OLS nighttime light imagery. 
